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SUMMARY 


The ourpose of this investigation was to study the 
Cheracteristics of a converging vortex in a real gas, and 
to determine 1f it was possible to reach suveracoustic flow 
in a vortex. 

Air at a high angulser velocity was introduced et the 
perivhery of a vortex tube. The air then flowed into an 
annular paseage and converged into a constrnt arer tube. 
Tests were run both with and without e convergence cone in 
the converging section of the vortex tube, 

It was found thet suneracoustic flow could be obtain- 
ed, and that greeter velocities were produced with the con- 
vergence cone present. A large iose in angular momentum 
occurred during the convergence, thie loss being greeter 
with the convergence cone removec. It was also shown that 
the convergence of a vortex in an annular ares tends to 
bring the flow very rapidly into a condition of equilibriun. 
In this condition , no viscous forces sre acting and there 


is no hest transfer between adjacent layers of air. 
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SYMBOLS 


Annuler erea 

Acceleration of gravity 

Mach numbe> 

Millivolt reading of notentioneter 
Mass 

Stetiece pressure 

Total pressure 

Pressure ahead of metering nozzle 
Preseure in pelnum chember 

Pressure drop across metering nozzle 
Gas constant (53.3) 

Radius 

Static tenaperature 

Total temperature 

Totel temnerature in peinum chamber 
Velocity 

Weight fléw 

Adiabatic gas constent (1.395) 
Angular momentum 


Convergence efficiency 





© « Angular velocity 


S = Snecific density 


SUBSCRIPTS; 
e = conditions at vortex center 
w= conditions at vortex wall 
Vv, A, B, ©, 1, 2, de----- 12, refer to 


vortex tube stations 
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INTRODUCTION 

Classical aserodynamicists refer to a vortex as a 
mathematicel concept obtainable only in an ideal fluid. 
This concent requires that the velocity become infinite 
ena the oressure zero at the vortex center, an imvossibility 
in any reel fluid. herefore the use of the term "vortex" 
has been extended from the strictly clessical definition 
to include any form of continuously rotetive fluid motion. 

A French sedentist, G@. J. Ranque, published a paper 
in 1933 describing the low temperatures he hed obteined in 
the center of sir set into a vortex motion. During World 
War II, Rudolph Hilsch, a German, extended Ranque's exper- 
iments and separsted the hot air from the cold air in a 
vortex tube. This sc-called Hilsch tube beceme pooularized 
es a "molecule separator" since it was believed that it 
blew the hot air molecules out of one end of the tube and 
the cold molecules out of the other end. 

In 1946 Hilseh's work became known in this country, 
ana shortly thereafter the General Electric Research Labora- 
yore meade an analysis of the device for use in refrigera- 
Jeti." They concluded that the efficiency for refrigera- 
tion wes very low and the operating cost high. 

Prof essor Neil P. Bailey, head of the Department of 


Mechanical Engineering, Rensselaer Yolytechnic Institute, 





Troy, N. X¥. and members of his staff, proposed a theory that 
a vortex in an actual gas approaches a condition of equili- 
brium such thet the fluid mass rotates as a solid body. Since 
there is no relative motion between adjacent fluid layers in 
this condition, there would be noe heat transfer and no vis- 
cous forces acting. In order to check this theory experi- 
mentally, W.C. Viekrey’” induced a vortex in a two-inch 
tube. His results indicsted that an equilibrium plane did 
exist in the vortex tube and conformed fairly well to the 
theory, elthough he worked only at low weight flows. Sev- 
eral months later, L M. zubko! * reneated Vickrey's ex- 
periment athigher weight flows and using a four-ineh vor- 
tex tube. Zubko also found an equilibrium olane, and in 
addition he indicated the presence of a thin longitudinal 
shell which rotated at a constant angular velocity equal 

to” the angular velocity of the equilibrium plane. 

The object of this investigation is to carry on @ 
bit further into the study of vortex charecteristics in an 
actual gas. Poth Vickrey and Zubko used vortex tubes of 
constant croes-sectional erea. The theory, however, ellows 
for a convergence (or divergence) of the vortex. A con- 
verging vortex is present in the taii cone of a jet enrine 
when the turbine is not operating at design speed. A 


study of this problem might therefore be of some practical 





Value. In addition, a voint of great interest is the fact 
the the theory indicates that superacoustic flow is vnossi-~ 
ble in a@ converinge vortex. 

It wes, then, the vurvose of this report to investi- 
gate the chsrecteristics of «4 converging vortex in an actual 
gas, and to determine 1f suneracoustic flow is noselible. 

The investigstion was conducted in the Mechanical Engineer- 
ing Devartment, FPensselaer Polytechnic Institute, Troy, N.Y., 
Guring the period February-May, 1949. 

The author wishes to express his gratitude to Pro- 
fessor Neil P. Bailey and Mr. Andrew J. Shine fcr their 
guidance and advice, and to members of the Machine Shop 


steff for their patience and skiil. 





EQUIPMENT AND PROCEDURE: 


A schematic diagram of the test set-un is shown in 
Figure 1. The eleotric motor, driving the conpressor, was 
a Westinghouse three-phase, 60 cycle, 220-400 volts, 50 
horsepower motor with a reted full loed sveed of 1175 rpn. 
It wes connected directly to the air compressor, which wes 
a six cylinder Schram, Model 210, rated at 206 cubic feet 
per minute of stendard air at 1175 rpm. From the comoress- 
or the air was led through a water aftercooler and oil sen- 
arator, and thence into the receiver tank. The sotor auto- 
matically cut out the compressor when the receiver tank 
pressure reached 100 psi gege, and cut it beck in when the 
pressure reached 80 psi gage. To assure a continuous source 
of supply eir, e bleed valve was provided downstream of the 
receiver tank. By regulating the bleed vaive, the air com- 
pressor would stay on the line during the entire run. 

The air was led into the vlenum chember through a 
course and a fine flow control vslve. A 3/4-inch metering 
nozzle wes vleced in the plenum chamber. The oregssure was 
measured forward of the metering nozzle on a mercury maenome 
eter or pressure gage (Pop,)- The vressure G@rop across 


the nozzle could be merssured either on a differential mer- 





cury or water manometer (AP). The total temnerature was 


measured downstream of the metering nozzle (T._). Knowing 


Op 
the area of the nozzle, Pap, OP, and Top it wes possible 
to calculate the weight flow. An additional pressure tap 
was placed downstream of the metering nozzie (Pong) in or- 
der to optsein a total pressure entering the vortex valve, 
free from any Giffusion or metering ndatLe losses. 

A diagram of the vortex tube used in this investiga- 
tion is shcwn in Figure &. The converging section was turned 
rrom 9 lamineted block of well-seaconed manie, and had a wall 
thickness vsrying from 3/4-inch et meximun diameter to 1/2- 
insh at the constrnt diameter section. The inside taper 
was linear except for slight fillete at both ends to facitii- 
tate the sir flow, and the inside surfase was well polished. 
A copper tube of 1 1/4-inch noninal inside diameter was 
sweated into the neck of the converging section. It was 
secured in place by a thin plate soldered fo the outside 
or the tubing, and screwed into the mapie neck. The brass 
tubing wes 13 inches long, with a well thickness of 1/16. 
inch, end wes polished te an inside diameter of 1.269 inches. 

The vortex valve was originally designed by Professor 
Neil P. Bailey for other experimental purposes, and was the 
seme vaive as used by Vickrey and Zubko. Briefly, it con- 


sisted of twenty-four adjustable angle vanes secured to the 





periphery of a 3/16-tneh brass disc of two and three-quarter 
inch a@iemeter. The sir flows redially outward along the 
disc, is turned in the vanes, and enters the vortex tube 
with a high anguler velocity. In all the tests mede in 
this investigation the vanes were set at an angle of ten 
degrees to the peripheral tangent, in oréer to reduce the 
redial comnonent of flow es much as possible. Figure 3 is 
e diagrem of the vortex valve, and Reference (1) is a de- 
tailed report on its performance. 

The vortex cone was turned from a 80114 block of 
well-seasoned msple, and was highly polished to reduce 
frictional effects. The cone was secured to the vortex 
valve disc by three screws countersunk inte the face of 
the disc. The tener of the cone was such that the ane 
nuler eres between cone and wall remained constant and 
equel to the area of the brass tubing. In designing the 
cone, allowance was made for taper of the wall at the 
extremes so thet the annuler area would remain truly con- 
stant. The length of the cone wee 2.40 inches from ite 
tin to the beck face of the vortex valve dise. This nro+ 
vided the cone with a diameter-to-length ratio of 1.147. 
This patio siould be es great as vossible to mininize 
frictional losses ag the vortex converges. However, 1% 


was felt thet if the ratio were made much larger, separa- 





tion might occur at the scone surfece. In future investiga- 
tions it would be of interest to determine the effect of 
the vortex cone vronortions. A table of coordinstes of the 
vortex cone is given in Figure 2. 

A well vressure tap wee provided between the plenum 
chember end the vortex valve. In testing, however, it was 
found thet this pressure was essentially the seme as that 
measured downstream from the metering nozzle (Pope), the 
difference not being detectable on a mercury manometer up 
te 60 inches fege oressure. This pressure tep was there- 
fore tied off, and the value of Popo ueed es the true to- 
tel pressure entering the vortex velve. A second well pres- 
sure tap wes pleceé in the olete to which the vortex tube 
was secured (P,,). It was located at a radius just equal 
to thet of the vortex valve Giese perinhery, and epproximately 
mid-way between the vanes end the well. The purpose of 
thie tao was to provide a meens of computing the velocity 
leaving the vanes and entering the vortex tube. 

Three instrumentation holes were provided down the 
converging section of the vortex tube at distances of 0.660, 
1.425, and 2.275 inches normally from the inside face of 
the plate to which the vortex tube was secured. Thece holes 
were 9/16-inch exeaent for the lest 1/4=4neh which wee adrill- 


eG and tenooved to secomnodate the 1/4—Hineh root of the radial 





probes. Twelve instrumentation holes of the same size were 
provides in the constant erea section of the vortex tube. 
The first hole wes placed so that its center was one-tenth 
inch from the tiv of the vortex cone, and the remaining 
holes were placed with their centers exactiy one inch ae 
part. it was necessary to solder a brass strip along the 
length of the vortex tube in order to increase its wall. 
thickness to the 1/4-ineh required by the radial probes. 
In this report the instrumentation holes are referred to 
as stations, end sre labeled A, B, end © down the converge 
ing section and thence consecutively from 1 to 12 down the 
constant area section of the vortex tube. 

When the vortex tube is in operation, a Low pressure 


exists 


a 


%t the center and a high pressure at the periphery. 
Since the vortex is diecharging into atmospneric air of 
constent oressure, an unstable condition exists at the dis- 
cherge ena of the tube. The low preseure st the center 
creates “wnat Vickrey has termed a "back-flow" into the tube. 
This back-flow momentarily compensates the low pressure, 

but the vortex quickly rebuilds the low pressure area and 
the back-flovw starts again. This cycle, of course, occurs 
with very hich frequency, ana the resulting nolse is of 
euch high piteh that it becomes unbearable at higher weight 


flows. In an attemt to overcome this @agifficulty ane to 





eliminate the back-flow, both Vickrey and Zubko used ad- 
justable nose cones at the discharge end of the vortex tube. 
When the nose cone was nositioned so that the nolse was 
eliminated, it was assumed thet all the beck-flow into the 
vortex tube had been cut out. This euthor ran several 
vreliminory teste on the adjustable nose cone sand found 
thet ite exact vosition, even after the noise had been 
eliminated, nad a considerable effect on the cheracter of 
the flow. If the nose cone was nositioned to just elimi- 
nate the noiee, a smell back-flow still existed down the sidee 
of the cone. If the cone was moved in a little too far if 
created a back vressure on the flow and caused the vortex 
to "fill in" to some extent the low pésasvie at its center. 
Furthermore, the position of tne nose cane was dependent on 
the weight flow, making it extremely Gifficult to position 
the cone proverly to reproduce data. If a nose cone was not 
uged the back-flow was so great thet the velue of the data 
obtsined wee highly questionable. 

In an effort to overcome this vroblen, Professor 
Neil P. Reiley suggested that the vortex be nermitted to 
enlarge suddenly into a "oan" attached at the discharge 
end of the vortex tube. The flow vould then discharge to 
the stmosnhere et a constant pressure through holes placed 


about the seriphery of the oan. The author cerried out 
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this suggestion and found it to work suocessfully. Howe 
ever, both the diameter of the can and the hole area was 
critical, it being necessary to determine both of these 
factors experimentally for each desired weight fiow. Since 
this would prove extremely burdensome in extensive testing, 
e new metnod for eliminating the back-flow was sought. 
ATter experimenting with several devices, the author 
found thet a “self-adjusting” nose cone seemed to serve the 
nurpose very well. This consisted simoly of a nose cone 
which wes allowed a single degree of axial freedom. The 
cone Was acchined from cast aluminum and fitted with a 
halfeineh steel shaft two inches in length in its back face. 
The steel sheft rode in an aluminum sleeve of quarter-inch 
Well thicaness, and woen ofled made an easy sliding fit. 
Tne sleeve was pigidiy secured to a stand on the testing 
table ana positioned so that the nose cone would be exactly 
centered with the discharge end of the vortex tube. As the 
weight flow in the vortex tube wae changed, the cone would 
slide inward or outward accordingly and edjust iteelr to 
the posit ).on required by the flow. Alltne nolsée was elim- 
ineted as well as the heck-flow. No back-flow could be 
detected at any weight flow either by observing the vosition 
of threads attecned to the surface of the cone, or by the 


direction in which the radial totel pressure probe pointed 





rhen inserted at stations near the Gisehsrge snd of the 
yortex tube. 

It wes recognized thet the nose cone snglie would be 
critical, and thet ideeliy the cone should be tapered to 
fit the pressure gradient existing ecross the vortex at 
the Giseharge. Thin fact wes substantiated in later test- 
ing when the convergence cone was removed from the vortex 
tube (to be Aiscussed further}. An included nose cone angie 
of 80 degrees had been used on all previous testa, and had 
been found to work well et all weight flows. However, when 
the convergence cone was removed the flow was altered to 
such en extent thet the BO degree nose cone ¥rs practically 
worthle «, 1% being nesessary to hold it im position just 
ae were the cones used by Vickrey and Zubko. After testing 
severel nose cone sizes, it was found thet a nose cone of 
40 Gepree included angle proved satisfactory for the new 
flow. This angle evidently confermed the closest to the 
discharge redial pressure distribution. ‘Therefore, in all 


the testing Gone in this investigation a nose cone of 80 


a 


degree included angle wee used, except in these runs in 
which the convergence cone was removed from the vortex tube 
a 40 degree nose cone was usec. 
Ginse it was desired to proke the vortex tube axially, 


4% wee negessery to Grill a hole axially through the center 
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of the nose cone and shaft to accommodate the probe. This 
gave the additionel advantage of providing a rigid 2 1/2- 
inch support for the probe st the vortex tube discharge. The 
hole was drilled with enough clearance to permit the probe 
to slide casily in the nose cone without binding. In this 
menner the exial vrobe could be slid inwerd or outward with- 
out disturbing the position of the nose cone relative to the 
vortex tube. It is possible thet a small amount of leakage 
occurred between the probe and the cone, but if eo it was 
very slight and probably negligible. When the axial probe 
was not in use, it wes removed from the cone snd the hole 
was closed off by covering the shsft end with tape. 

Two axial probes were used, one for measuring the 
center pressure, and the other for measuring center temp- 
erature. Both vrobes were made of stiff hollow steel, .099 
inches in diameter and 21 inches in length. The inside end 
of the pressure probe was filed off smoothly, while tothe 
Outside end a rubber tube fitting was soldered. Pressures 
were read on a mercury menometer. Through the temvoerature 
probe a Leeds and Northruv iron-constantan thermocouple of 
No. 50 gage wire wes fed. The hot junction heed wes encased 
with a Dueo Cement. The cement wes sanded down to a smooth 
finish having the seme diameter as the vrobe, and with just 


the tiv of the bead exposed. It was thought this would 
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serve to reduce the effeot of any heat transfer up or down 
the steel vrobe, although the temperature gradient along the 
vortex center was relatively emell. TIron-constantan thermo- 
couple wires were chosen since they give the highest milli- 
volt-per-degree response. A cold junction of S52 degrees 
Fehrenheit wes maintained in an ice bath. A Leeds and North- 
rup potentiometer was used in all temoerature work. Since 
no flow existed in the center of the vortex where the axial 
orobes were to be used, it was not necessary to calibrate 
them. The thermocouple was simply tested at S52 degrees 
Fahrenheit and 212 degrees Fahrenheit and was found to give 
accurste readings. 

When the exial vrobes were inserted into the vortex 
more then about three inches, depending on the weight flow, 
it was found that considerable vibration was set up even 
after the vrobe had been eligned with the vortex center as 
accurately as vossible. This w:s extremely undesirable not 
only because of accuracy of the reedings obtained, but also 
because the vibration would bend the probe and cause the 
nose cone to bind on it. If the movement of the nose cone 
were restricted, of course, it could not perform its function 
of properly regulating the flow. To overcome this difficulty 
it wis necessary to eive additionsl support to the end of the 


axiel probes. In order to accomolish this a “esnider” was 
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secured to the probe two inches from its end. This con- 
sisted of a small brass collar to which was soldered three- 
eugally spaced legs of stiff steel wire. This additional 
sup»ort held the probe rigidly centered in the vortex tube 
without restricting its axial freedom, since the spider slid 
freely slong the walls of the vortex tube when the probe 
was noved. This system proved very setisfactory at all 
weight flows, the vibretion being completely eliminated. 

It was felt thet the disturbance which the spider support 
would oreate in the vortex would not be serious since it 
was placed at a point two inches downstream from the end 

of the probe. Actually, due to the vortex notion of the 
flow, the distance that the air travels from the end of the 
probe to the spider support is much greater than two inches. 

The outside end of the axial orobes were rigidly se- 
cured to a crank and epindle device which was calibrated in 
inches to give the axial position of the probe in the vortex 
tube. 

Two radial probes were also used in this investigetion, 
one to measure total pressure and the other to measure total 
temoerature. These probes were the same ones designed end 
used by Zubko in his work on vortex flow, and e complete 
desorivtion of them are available in Reference (4). No 


ecelibration osorrections were used with the date obtained 
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with these probes since the total pressure corrections 
were extremely small and the total temperature readings 
had a maximum error of only 2.5 percent at Mach 0.9. 
Since only the temnerature differences were of primary 
importance, it was felt thet the calibration correction 
could be safely neglected. 

To obtein the well static pressure readings, a brass 
tap was made which could be screwed in at any etation. When 
in position the tap wes flush with the inside wall of the 
vortex tube, and from a No. 60 drill hole the pressure was 
let to a mercury manometer. When ea station was not being 
used to obtain data, 1t wes seoled off with a brass plug 
which mede e flush fit with the inside wall of the vortex 
tube. 

Tests were conducted at four different weight flows, 
end will be referred to hereafter as the gere preerure 
existing on the vortex valve (Popo). These preseures were 
40, 60, 80, snd 100 inches of mercury rege. The 100-ineh 
run was very close to the limit of air flow from the come 
pressor. Originelly it hed been planned to test st only 
the first three flows, but when supersonic flow was not 
found it woes decided to run an additional test at maximum 
compressor outout. 

The vrocedure followed in obtaining the data was 


to first probe axially for center pressure and temperature. 
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The axial probes were then removed and total and static 
well pressure messured et each station, as well as the total 
temoerature where desired. In this manner only one probe 
wes oresent in the vortex tube at any time, and the result- 
ing flow disturbance wes kept at a minimun. 

t should be noted here thet the stations were not 
probed radially as wes done by Vickrey and Zubko. It was 
believed thet an equilibrium station could be found from 
the center pressure , wall pressure, and well Mech number 
alone. The location of an equilibrium station was neces- 
sery in order to evaluate the ongular momentum with the 
theoreticel equations. The ecuilibrium station is the »lane 
at which the air rotetes with a solid body motion, no vis- 
cous forces or heat trensfer being present between adjacent 
flow rsGii. All of the theoretical equations are built up 
on this tyne of flow. 

Since no equilibrium station could be found in the 
40 inch run, total voressure and temnerature measurements 
were not teken down the converging section of the vortex 
tube for this run. 

It wes believed that the wall Mach numbers might be 
inereased by removing the convergence cone from the vortex 
tube. Consequently, the 60, 80 and 100 inch runs were ree 


peated with the convergence cone out. It wss quickly seen, 
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however, thet just the reverse wes true, so that extensive 
Q@nta was not teken for these runs. No axial probing was 
done with the convergence cone removed. 

In all tests it wes necessary to wait about an hour 
for the coupressor to settle down so that the supply air 
in the plenum chamber would reach a steady value, and the 
vortex tube would be uniformly heated. 

Photographs of the equinment are incluéed et the 


end of this revort. 
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THE ORY 


Professor Neil P, Bailey's theory of a free vortex 
cone in « real gas is based on the assumptions that the 
vortex will sporoach e condition such that no viscous forces 
are acting and no heet transfer is present along the vortex 


radius. This requires that the flow rotate as a solid body. 


b—i 


n order to faetlitate further discussion, that nert of the 
theory which aoplies to this investigation wili be presented 
here. 

The pressure present st any radius must be balenced 


by the centrifugal force due to rotation, 





er (ap) = v© (am) | (1) 
But : 
(dm) = 21r¢ (ar) (2) 


So equation (1) becomes, 


(ap) = ve @ (dar) | (3) 
Yr 


I” a ap, a OW Te ee 


For solid body rotation, 


yvewr (4) 


ee eee EP Gee coe 


So equation (5) becomes, 


(ap) = w* re (dr) 5 ) 


ee 


But 


‘J 
orn 
19) 


: = 








So equation (5) reduces to, 





(dp) e wer (dr) = | (7) 
b @ R F 


Since WD ond Tf are constant for solid body rotation, equation 


(7) may now be integrated between center end wall conditions. 


Py Ow 
2 
(@4P) = W f r (dr) (8) 
P ER + 
Po ° 
or, 
10£6 Py u) © Pye ee 
Po eR T 
However, since, 
we Pee My” cuiiieninieeaih 
SER T 
Equation (9) may be written as 
4 
10£e Pw = 6 By (11) 
Po é 
or x e 
“ —~ My, 
Py = € (22) 





Pe 
Now from equations (2) and (6), the totel mass in- 
volved in a unit length of vortex is 


(dm) = 2wrP (dr) | (13) 
ge R 7 


Equation (9) is velid for conditions at any radius co that 
it may be used to eliminste the pressure term from equation 


(13), 


fat 


tO 





ae ~ fs 
(am) = etr "so € (ar) (14) 
gk T 
o oO 
or, a 
me exte | € Sen tT - 1 | (15) 
(2 
which may be written @s 
¥ 2 
oa iS 
me auPe [ee * w -i | (16) 
G) © 


Now the angular nomentum, or somentof momentum, of 
&@ unit length of vortex annulus is, 


(GA) = vr (dm) (17) 





Combining equations (2) and (6) to eliminate mass from 

(17), and substituting equation (4) for velocity, 

(AA) = wr eure lar) = 2wwre P (ar) (18) 
g¢ RT 

Again extending equation (9) to eliminate the pressure 


term from (18), 2 2 
(6A) = erwre Pee © ERT (ar) (19) 
gRT 


Equation (19) may now be integrated, sincew, P,, and T 


are constants. 


ae 


Ty ‘ ro 
% oen® 
\ (4A) = 2WwwFe ( r” @ (dr) (20) 
eR T 
° fe) 





el 


- oe ne 2.2 4°” 

rA=2NPo | r®& e ee es ee pers 
Ge 0 
(21) 

or, oo Pw rye 

De enfe [ren - gen on + ERE] 

u) u) Gs) 
(22) 


Using equation (10) this may be simplified to, 


vie 8 oe 2 
2 so My, ya A 
\ = amPe Pn |e © x Atte tf) (23) 
Ww S hig 7 


Now the avernge angular momentum per pound of gas in the 
vortex cannot exceed the original angular momentum possessed 
by each pound of gee that formed it. Letting Vp be the en- 
tering tangential velocity and P, the redius at which it 
enters, 

Vo To * A (24) 


m 
Using the anguler somentum found in equation (23) and the 





mass from ecguetion (16) 


¥ ye Sy 
are C 2 ) 


lee ae 


which msy be simnlifled to, 
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% My” 
Vv, Fr, * o) my" e " 2 (26) 
o - ————— 
© W ; Mo YM 2) ’ 
ee". 1 w 


Rouetions (23) and (26) are valid only for the as- 
sumptions made, 1.e., the flow 1s conforming to solid body 
rotation. Unfortunately, in the small annular converging 
section of the vortex tube it ves not possible to determine 
thie fact exnerimentally. It would have been necessary to 
take vressure and temperature dsta on the surface of the 
convergence cone, which would be extremely difficult. Also, 
the equations apvly only to ea solid vortex. They could, 
however, be altered for use in the annular area by inte- 
grating from the cone redius to the wall radius. But 
without dsta taken at the cone surface they could not be 
used. 

An "“effieilency of convergence" may be implied from 


equation (26) if defined in the following manner. 
2 


5 Me 
| ae . ie 
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If Vg ond Ye are taken &8 the conditions existing as the 
flow leaves the vanes, equation (27) may be converted into 


terms of Mech number by expressing the velocity as, 





ie 
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y= “fxg R ye (28) 
<> - ae co ree RE rE oS 
‘+5 x 
If the totel temperature is assumed to remain constent, 


equation (27) becomes, 
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The assumption of constant total temnerature wes found to 
be well within the limits of experimental accuracy. 

In oréer to make an experimental determination of the 
averege angulor momentum it would be necessary to probe the 
annular area redielly et each station to obtein the average 
Mach number. This would require a redesign of the radial 
probes in order to obtein readings in the small annular 
erea. Since this fact wes not recognized until late in the 
investigation, time did not permit doing this. 

in an effort to make some experimental determinetion 
of the angular momentum in the annular area from the wall 
data alone, the following analysis wae made. 

For an ineremental annuler area, (aA), the sngular 
momentum is given by 


(dA) = vr? (aA) (30) 


TT INT TT 
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as =e 


Using equation (6) and transvoosing, 


ar~A = vrp (31) 
aa ge RT 








The velocity may be expressed in terms of Mach number and 
total temperature from equation (28). 


Elimineting v from equations (28) and (31), 


G A va eRe 
1+ 8” ue 
But, 
T « & +54" (33) 
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So equation (52) becomes, 


_——~* . 
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When the wall date is use@ in equation (34) 1% will give the 


fs 


rete of chenge of angular noientum with respect to annu- 
ler aree 2t the well. It is recognized that ect any one 
station this value would probably he different at each 
redius of the annular area. Between stations, however, it 
should give some indication of how the angular momentum 1s 
changing. For convenience in conmouting equation (34), a 
curve was vlotted of BM [t+ © ageinst M and is 


includeé as Figure 4. 
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RASULTS AND DISCUSSION 


The results of the axial traverses for temmnerature 
and pressure are given in Tables I end If for the different 
weight flows. Curve 1 indicates that a vacuum existed in 
the vortex center et all weight flows and et ali setations. 

A minimum pressure wae found to occur at station 7 for each 
weight flow, although no significance could be attachec to 
this fact. Vickrey, who did a limited amount of axial prob- 
ing in his work, obtained curves very similer to these using 
@ six-inch vortex tube of two-inch diameter. The indicetion 
is, therefore, that this point of minimum preesure is 6 
furiction of the vortex tube geometry, and occurs at about 
the mid-length of the tube. 

In Curve 2 it is seen that the vortex center tempera- 
ture also has a tendency to reach a minimum point although 
at a station mucn closer to the convergence cone. This trend 
is just discernable in the 60-inch run, and veGomes markedly 
apparent in the 80-inch run. It is interesting to note that 
at station 5 in the 80-inch run, a temperature of nearly 
five degrees Fahrenheit wes recorded. This explains the 
interest that hes been shown in the vortex tube as a Pre- 


frigerating device, as mentioned in the Introduction of 


this report. In this connection, it may be noted that son- 
siderable difficulty wee encountered in teking the axial 
Gate due to the icing of the probes. If the probe was in- 
serted well into the vortex tube when the conprescor was 
sterted, ,so much ice would be formed on it as to seriously 
impair the flow or cause vibretion of the probe. It was, 
therefore, necessary to position the vrobe et station 12 
curing the i.our warm-un period of the comoressor. After 
this length of time the supply air would reach e temperature 
high enough te prevent serious icing of the probes. 

The static and total pressure deta obtained at the 
vortex tube wall is presented in Tables I, II, III, and IV, 
and plotted in Curves 3 and 4. Since Mach number is a polnt 
function of totsi and static pressure, the Mach number wes 
computed et each ststion from the above dats and plotted in 
Gurve 5. It may be seen from Curve 5 thet the stetic pres- 
gure drovs rapidly as the flow pecelerates dewn the converge 
“nee cone. It reaches eae minimum comewhere between stations 
1 and 2, veaks at about station 3, and then ralls off grad 
ually through the rest of the vortex tube. The fect thet 
the curve obtained for the 190-inch run does not follow the 
trend of the reet of the family, is probably due to shock 
phehomens. end will be discussed further. 

From Gurve 4 1% may be seen that the total pressure 


Grops nesrly linesrly down the converging eection, hae a 





tendency to level off es the flow leaves the tiv of the con- 
vergence cone, and then drops off less steeply through the 
rest of the vortex tube. The tendency for the total pres- 
sure to licvel off as the flow lesves the convergence cone 
may be due to the fact thet the flow is suddenly being ree 
leased from the frictional effects of two well surfaces to 
the frictionel effect of only one wall surface. Thus, the 
rate of total pressure lose is momenterily reducec. The 
fact that this tendency is not so prominent in the 100-inch 
run ig probably due to the supersonic flow present in this 
section. 

From Gurve 5 it may be seen that the Mach number rises 
very rapidly as the flow proceeds down the convergence cone. 
A peak is reached somewhere between stations 1 and 2 and 
the Mech number then drops off very rapvidly. A Mech nunber 
of 1.009 was recorded at station 1. The curves indicate, 
however, that Mach numbers slightly higher than this are 
present between stations 1 and @, 

It may be well to note here that in computing the 
wali Msch number the static pressure was measured just at 
the wall, while the total pressure was measured at the 
point which gave the maximum reading. The dletance from 
the well that this meximum resding wes obtained averaged 
about .02 inches, denending on the weight flow and stetion. 


Thie distance was probably very close to the boundery ley- 
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er thickness existing at the wall. It would be difficult 

to predict how the stetic pressure would very in the boundery 
layer of e highly curvilinear flow. However, e Ser's disc 
probe was used to determine experimentelly how the static 
pressure varied in this Gistance. It was found that in all 
cases the highest static pressure was present at the 
Wall surface. Therefore, the values of Mach number found 
in this inveetigation are conservative inasmuch as they are 
all lower thsn the Mech number actually existing in the vor- 
tex tube. The discrepency, however, is not believed te ex- 
ceed more then ebout & percent. 

What actuelly happens as the flow becomes sunersonic 
in a curvilinear flow is not readily apparent. It seems 
logical, however, that, as the flow is accelerating very 
rapidly down the convergenoe cone, it "winds" itself up 
with enouch inertia to carry it into the supersonic region. 
It then seems probable that an infinite number of infini- 
tesimal shocks occur from the vortex tube wall surface, 
which rapidly decelerates the flow but produces no abrupt 
changes such as found in normal shock phenomena. This 
could account for the fact that the 100-ineh total pres- 
sure curve does not level off at the tip of the convergence 
cone as the other curves do, the losses occurring in the 


smell shocke being enough to vreventit. The same applies to 
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the irreguler shape of the 100-inch static pressure curve. 

The fact thet suversonic flow was produced in a 
vortex is interesting and, perhaps, of some practical value. 
For example, in the analysis of a thrust device designed to 
utilize vortex flow (as in the tail cone of a jet engine), 
Curve 3 would indieste thet. higher well pressures could be 
obtesined by not permitting the flow to become supersonic. - 
This conciusion would apoly, of course, only within the 
limited range of this investigation. 

In en effort to determine if an equilibrium station 
existed in the vortex tube, equation (12) of the Theory 
was checked againet the exnerimental data. Equation (12) 
was first plotted as shown in Curve 6. The experimental 
values Of Py/Po and My were then plotted for each run. It 
may be seen froh the plot that nowhere in the 40-inch run 
does the vortex come to an equilibrium station. In the 60- 
ineh run, station 1 is close to equilibrium, while the 
following stations become farther removed from the theo- 
retioel curve. The seme applies to the 80-inch run. Since 
no axisl probing was done in the 100-inch run, 1t was not 
possible to determine if equilibrium existed, since the 
value of P, was lacking. From the trend of the Sirbee, 
however, it is very probsble that an equilibrium plane 


exieted close to etetion 1 for this run. 
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Both Vickrey end Zubko found equilibrium stations 
beyond the mid-length of the vortex tube. In their work 
the flow was introduced et the periphery. By viscous 
action the velocity of the inner redii was gredually in- 
creased, this process requiring ea considerable length of 
the vortex tube before equilibrium was obtained. In this 
investigation, however, equilibrium was obtained, or pere- 
haps it was slready present, as the flow left the tip of 
the convergence cone. This would seem to indicate thet 
the double frictional effect present in the converging 
annular area produces a rapid acceleration to an equilli- 
brium condition. It is felt thet this fact is worthy of 
note for use in the design of e vortex tube for any fu- 
ture investigations. 

The values of GA were computed from equation (24) 
ae shown in the indimagtinatl plotted in Curve 7. In com- 
puting these values it should be noted that the plenum 
chember temoerature was used as the totel temperature. 

It wes felt tht this wae juetified since the total tem- | 
oerature probe indicated a discrepenoy of not more than 
six degrees from the plenum temperature. 

Ags indicated in Curve 7, the value of da drops 

rapidly as the flow travels down the octftataian cone, and 


then levels off in the constant diometer section of the 
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vortex tube. The value of ad, as mentioned previously, 
does not necessarily give hes of the anguler momentum 
at the station. It is simoly the velue of the change in 
enguler momentum with respect to annuler crea at the wall 
surface of a specific station. It was honed, however, 
thet it would provide an indication of the trend in an- 
gular momentum chenge between stations. It seems logical 
that in the converging area, where the flow is subjected 
to the frictional effects of two surfaces, the loss in 
anguler momentum would be greater than in the constant 
area section of the vortex tube. This trend is borne 
out by the curves of Curve 7, although this still doee 
not justify the asemption that gA will vary between sta- 
tione in exactly the same way smdias angular momentum. 
The convergence efficiency was computed from equa- 
tion (29) and 1s plotted in Curve 8. Since the equation 
demands thet the flow be in ecuilibrium, the efficiency 
was found only for the station thet wes closest to egui- 
librium in each run. Station 1 wea used in each case, 
although in the 40-ineh run equilibrium did not appear to 
exist. From Curve 8 it may be seen that the convergence 
efficiency rises with itnereased well velocities (i.e., 
increasea supply pressure). This seems rather unusual, 


but no exolanetion can be offerred. 





&Ks another check on the legitimacy of using ox ae 
an indicator to angular momentum, a gh efficiency" —— 
computed by dividing the value found et the equilibrium 
station by the entering value found at the vanes. The re- 
sult is plotted in Curve 8, and is surprisingly close to 
the actual convergence efficiency. 

The results of the tests run with the convergence 
cone removed from the vortex tube are presented in Tables 
V, VI, and VII and plotted in Curves 9 to 15. A 40-4neh 
run was not made since it was doubtful if en equilibrium 
etation would be found at this weight flow. 

A&A coxuparison of Curve 9 with Curve 5 shows thet the 
etatic pressure behaves in the same manner when the cone 
vergence cone ic removed, although the 100-1neh curve does 
not show an irreguler shepe. This is probebly due to the 
fact that supersonic wall velocities were not attained, as 
will be seen. 

The totel pressure curves, Curve 10,‘ere similar 
to those obteined previously, Curve 4. The lose in total 
pressure down the converging section appears to be greater, 
however, with the convergence cone removed. Logically it 
would seem that the reverse should be true, since the flow 
feels a double frictional effect with the convergence cone 


present. With the cone removed, however, tne flow "fille 





in“ behind the face of the vortex valve. Then, by viscous 
action, it performs the work of gradually aceelerating this 
inner air. This produces an apparent loss of total pressure 
at the wall, wnoieh is evidently more thon enough to offset 
the loss in total pressure due to friction when the con- 
vergence cone is present. 

A convarison of Curves 11 end 5 shows the effect of 
the convergence cone on wall Mach number. It may be seen 
thet with the cone removeé considerably lower Mach numbers 
sre obteined at the wall. This is probably caused by two 
effects. First, the "filling in*® process desoribed above 
would tend to lower the Mash number. Secondly, in subsonic 
flow the effect of friction is to inorease Mech number, so 
that with the convergence cone present increased Mach number 
would be expected from the lerger amount of friction which 
is present. The shape of the curves of Curve il would seen 
to indieste that the "fllling in" process first lowers the 
Meech number. Then, as the inner sir is brought into rota- 
tion , the Mach number begins to increase. The fact that 
the 100-inch curve shows a continuous drop in Mach number 
in the converging section is not readily expleinable. It 
may be that the higher velocitics present require a longer 
length for the "filling in” process to be comoleted. This 
would be especially true if the exial component of flow ila 


increased greatly with inoreased entering velocity. 
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Curves 12 and 13 are plots of da and convergence 
efficiency respectively. The curves of G) are very similar 
to those found with the convergence oa, coos Curve 7, 
although the values are somewhet lower. In computing the 
values of convergence efficiency, it was assumed that sta- 
tion 1 was in equilibrium as in the previous runs. This 
fact cannot be proven, however, since no center probing was 
done with convergence cone removed. However, due to the 
similerity of the dats it 1s believed that this is a fair 
approximation. From Curve 13 it may be seen thet conver- 
gence efficiencies are lower with the convergence cone re- 
moved, end that the values of (an) /ae) are fairly close. 
to the convergence efficiencies. =the faot thet lower ef- 
ficiencies occur with the cone removed is probebly due to 
the loss in engulaer momentum ae the flow eccelerates the 
inner air in the converging section. 

the Mach number at the venes was computed from the 
known values of area, weight flow, and total temverature, 
and the static pressure measured at the vanes. In comput- 
ing the area it wes assumed thet the flow left the vanes 


in the game direction as the vane engle, i.e., at ten de- 


grees to the peripheral tangent. 





CONCLUSIONS 


The reasulte of this investigation indicate that 
it ils possible to obtain supersonic velocities in a vor- 
tex which is mede to converge down an annular passage. 
if the vortex flow is induced at the periphery, greater 
velocities will be produced if the flow converges down 
e sOlid cone than if it converges with no cone present. 

It was shown that convergence of a vortex down an 
ennular passage tends to bring the flow to a condition 
of equilibrium much more rapidly than if it were Aintro- 
duced at the periphery of se constant area tube. 

The loss in angular momentum of the flew is very 
great as the vortex converges down an annuler vansage. 
However, an even greater loss in angular momentum is in- 


dicated if e convergence cone is not present. 
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RECOMMERDATIOCNS 


In future investigations into vortex flow it is 
recommended that the "“self-edjusting" nose cone be given 
further study. It is firmly believed thet this device 
anewers s great need in experimental vortex investications. 
The Gischerge end of the vortex tube could be carefully 
traversed for static vreesure over the range of weight 
flows to be used. The nose cone could then be made with 
the exact taper required by the pressure gradient. One 
nose cone could probably cover a wide renge o* weight 
flows satisfactorily, although it might be necessary to 
construct several different cones to cover the entire 
renge, especially if the cheractér of the Tiow was great- 
ly chenged as was done in this investi¢etion by the ree 
moval of the convergence cone. 

The author believes that a more extensive investi- 
gation ahould be made of the anguler momentum in the con- 
verging section of the vortex tube. To do this properly 
the annular erea woulé have to be vrobed recdially , anc. 
would reouire the Geeien and construction of very small 
orobes. 


In future investigations of a converging vortex it 
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is felt that the velidity of the theory could be checked 
more closely if the vortex were brought into equilibrium 
just before it converges. A convergence section similer 
to the one used in this investigation could be employed 
to bring the vortex into equilibrium in as short a length 
as possible. The flow would then enter an additions! con- 


vergence (or divergence) section where its cheracteristics 


could be studied. 
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SAMPLE CALCULATIONS 


To illustrate the manner in which the ex- 
perimental data was reduced to the form presented here, 
the computations for the 60-4nch run, Stetion 1, will 
be detailed. 
Barometer # 30.08 "He. Top = 112°F = 572°R 
Py © 9.05 “He gare = 9.05 + 30.08 = 39.13 "He. 
Po = 32.60 "He. gage = 52.60 + 30.08 = 62.68 "He. Abs. 


Pe. = -6.50 "He. Faeve = -6§.30 + 50.08 v= COS "He. Abs. 
To = -.08 My = 29.2°F = 4886°R 

Po = 62.68 # 1.602 

Py O9.10 


From Mach tables, My, = .850 
Pw = 39.15 = 1.644 
Pe 20.¥8 


From Ficure 4, Md + ¥e-lwe= .908 
rs 


Frou equation (34) 


an <p 1.395 
aA )32.2)(65.5) (572) (.6345)(39.13)(70.73)(.908) 


=z 1.902 ib-seo-in 
ft* 


The value of M, was found to be .663 for this run. 


Yy = 1.575 in. 





So from equation (29), 


= (,6345) a 
“\ (Te. o75) 663 


x 85)” 





e 2 
BC .85)e ~ 50785) 
(e me | 


= 5038 


At the venes, GA = 4.92. 80, 
| aA 


(aA) /(arA) = 2.902 = .58? 
A 4 


d. 


uj 


The celculations with the convergence cone removed 


were mece in an dential menner. 





TABLE f 


Stas Py Py P, Po Po Po WAlLI+ BB 
tien “Hg.e He.abs. He.g He-abs. He.g He-abs. volt °F 
V 28.00 51.66 
A 20.20 49.66 
B 17.00 46.06 
¢ 12,40 42.06 
1 7.58 87.21 22.10 51.76 -5.40 24.26 .06 34.1 
© 8.35 36.01 18.75 48.41 -5.60 $4.06 .06 34.1 
3  @.35 29.01 16.20 45.66 -5.70 28.96 .08 34.8 
4 8.00 37.66 16.10 44.76 <=6.00 23.66 .10 36.5 
5 7.70 37.36 14.05 43.71 -6.10 23.56 .12 36.2 
6 6.70 36.36 12.95 42.61 -6.30 23.36 .14 36.8 
7 «6.10 38.76 12.40 41.06 -6.50 23.16 .16 37.5. 
@ 5000 34.66 11.00 40.66 ~6.30 23.56 .22 39.6 
9 4.60 34.26 10.50 40.16 -6.30 23.36 .31 42.7 
10 4.79 34.36 9.85 39.51 -6.10 23.56 .42 46.2 
11 «4.30 33.96 8.95 38.62 -6.10 23.56 .60 49.4 
12 3.90 33.56 8.20 37.86 -5.85 23.81 





Station Po/Py 
v 
A 
B 
C 
i 1.390 
2 1.278 
3 1.173 
4 1.189 
5 1.171 
6 1.172 
? 1.149 
8 1.172 
9 1.172 
10 1.150 
li 1.138 
12 1.130 
“9p rd PO 
BoP? 20.66 "hee 
Top 112°F 
W »1116 1b/see 


My 


- 590 


© 7085 
596 
485 
504 
- 481 
485 
451 
485 
485 
455 
° 434 


4265 


TABLE I Gont'd. 


Py/Pe ufiexerae 


1.582 
1.580 
1.630 
1.591 
1.584 
1.556 
1.542 
1.485 
1.469 
1.458 
1.441 
1.409 


i 





~ 610 


739 
- 616 
~497 
520 
496 
497 
465 
497 
497 
- 467 
~ 445 
455 


an 


1.470 
1.252 
1.040 
1.000 
~992 
- 966 
- 890 
922 
910 
860 
-808 
~?78 


~276 
402 
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Sta- 


tion 


nm ao no -F-& OQ WW PY 


js 
oO —lUWDlUlUC D]C UNC CUD 


el a 
> 


Pp 


"he. f- 


39.45 
29.90 
26.00 
18.80 
9.05 
10.95 
12.90 
11.60 
11.00 
10.20 
9.350 
8.50 
7.60 
6.90 
6.50 
5.60 


TABLE II 


Po 


"hge.abs. hg.g. 


61.53 
59.96 
06. 58 
48.88 
o9 13 
41.03 
42.98 
41.68 
41.08 
40.28 
09.58 
08.58 
o?7.68 
56.98 
36.58 
45.68 


40.80 
37.60 
32.80 
32.60 
27.75 
23.00 
21.80 
20.95 
18.70 
17.20 
15.70 
15.10 
14.25 
12.85 


11.90 


Po 


he.abs. 


70.88 
67.68 
62.88 
62.68 
57.83 
53.08 
51.88 
51.035 
48.78 
47.28 
45.78 
45.18 
44.335 
42.935 
41.88 


Po 


he.@. 


-6.50 
-~6 .65 
~6.85 
#726 
-7.85 
-8.05 
-~8.10 
-8.00 
-7.90 
-7.75 
-7.60 
~6.75 


Pe 


Zoe tB 
25.43 
LoeLo 
22285 


28,23 


£22.05 
21.98 
22.08 
22.18 
RLedO 
22.48 
200.00 


Mil1i- 


hg.abs. volts 


-.06 
~12 
~.10 
-~ 09 
~.08 
~.08 


08 


16 


024 


41 


Te 
oF 


29.2 
27.9 
28.5 
28.9 
£922 
29.2 
Se 

34.8 
o7.5 
40.4 
41.7 
46.2 





TABLE II Cont'd. 


Station Po/Py My Py/Pe u/rexean® an 
V 663 604 4.92 
A 1.181 .494 509 3.565 
B 1.195 511 528 2.58 
G 1.288 613 636 1.77 
1 1.602 850 1.644 .908 1.902 
2 1.409 718 1.750 883 1.620 
3 1.234 658 1.850 .596 1.371 
4 1.242 666 1.821 585 1.292 
6 1.241 565 1.846 .584 1.270 
6 1.211 531 1.828 550 1.175 
? 1.200 .518 1.791 532 1.112 
B 1.192 607 1.738 622 1.061 
) 1.198 515 1.700 630 1.060 
10 1.199 516 1.656 531 1.042 
11 1.172 483 1.620 499 967 
12 1.171 48} 1.631 501 946 
Pop, 62.7 "hg.g- am = .303 
p 2.50 "he 
Bap? 30.08 "hee a = aD i. 
Ton 112°F 
W”  .1500 1b/sea 





Sta- P, 
tion “hg.g 
VY 40.30 
A 38.55 
B 35.95 
G 28.350 
& 106.80 
2 18.20 
$ 17.35 
4 15.05 
® 15.85 
6 14.15 
¢  2B.aS 
8 12.10 
9 10.55 
10 9.50 
ll 9.15 
12 7.90 


Dp 


4 


W 


"he. abs. 


70.56 
68.61 
64.01 
53.36 
40.56 
43.26 
47.41 
46.11 
45.91 
44.21 
42.41 
42.16 
40.61 
39.56 
59.21 
Oo? .96 


TABLE IIL 


Po 


"he. 


54.00 
49 650 
44.20 
43.30 
56.36 
30.75 
28.00 
26.05 
29.00 
21.55 
19.90 
18.50 
18.10 
16.60 
15.20 


Pp 


© 


84.06 
79.36 
74.286 
735.36 
66.41 
60.81 
58.06 
56.11 
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48.56 
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28.8 








Station Po/ Pw 
v 
A 1.228 
B 1.238 
G 1.392 
1 1.818 
2 1.532 
3 1.283 
Ae 1.308 
5 1.222 
6 1.242 
? 1.220 
a 1.174 
9 1.193 
10 1.218 
12 1.190 
12. 1.192 
Pop, 40.7 psig 
P 3.10 "hg 
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Top lie°Fr 
W 1840 I1b/sec 
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¥ 49.85 79.79 
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C 40 .10 60.04 55.60 85.51 
1 13.15 43.09 92.50 82.44 
2 14.85 44.79 44.350 74.24 
o 16.25 46.19 36.15 66.09 
A, 16.35 46.29 53.75 63.69 
5 16.35 46.29 30.36 60.29 
6 15.90 45,84 30 85 60 .79 
7 13.58 43.49 25.65 55.59 
8 13.15 43.09 26.05 54.99 
9 11.85 41.79 25.90 53.84 
10 9.65 59.59 22610 52.04 
11 11.25 40 .19 2220 62.04 
12 9.15 59 .09 20 .15 50.09 
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TABLE V 
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05.83 
06.43 
49.13 
41.28 
55.85 
35.98 
56.88 
56.33 
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54.28 


53.58 


it He .g 


36.70 
27.60 
20 .45 
16.10 
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41.53 
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37.53 
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Station Po/Pw My M Jltyel Wo 2| a 
G a A 
v 752 798 5.10 
A 1.203 521 539 3.46 
P 1.170 . 480 493 2.09 
C 1.221 543 . 560 1.315 
i 1.258 . 580 . 600 1.142 
2 1.194 510 526 1.009 
3 1.127 418 427 839 
4 1.120 407 415 .800 
5 
6 1.116 . 400 406 767 
7 
8 1.111 392 . 400 757 
9 
10 1.112 . 392 . 400 729 
12 
12 1.111 392 . 400 714 
Pop, oe pate | nN = .186 
re Sone, eed, 


Top 121°F 
W = e LO00 lb/seo 
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